Xylose solutions have been produced from Eucalyptus globulus wood by autohydrolysis (with hot, compressed water) and post-hydrolysis (in presence of sulfuric acid). This two-stage process led to solids enriched in cellulose and lignin (suitable as a substrate for pulping) and liquors containing xylose as the major component. The liquid phase from post-hydrolysis also contained other sugars (glucose, arabinose) and acetic acid. Neutralized liquors (as obtained, or after membrane concentration), were employed (directly or after detoxifi cation by ion exchange) as fermentation media for the production of hemicelluosic bioethanol with the yeast Pichia stipitis CECT 1922T. Under the best conditions assayed (fermentation of neutralized, concentrated and detoxifi ed two-stage hydrolysis liquors), bioconversion took place at nearly stoichiometric yield, with a volumetric productivity of 0.37 g l -1 h -1 .
Introduction
The utilization of renewable resources (including lignocellulose) as alternative raw materials is a requirement of society for well-known reasons. In view of the dependence on oil production (Hallock et al. 2004 ) , an alternative " biobased economy " based on the implementation of biorefi neries (Kamm et al. 2006 ) is needed.
Biorefi neries (conceived as integrated facilities in which raw materials are " fractionated " and converted into a number of valuable end-products) rely on a concept closely related to operations in pulping industries. Briefl y, evolving pulping industries into biorefi neries through the " extraction of value before pulping " is one of the six platforms identifi ed in the " Agenda 2020 " of the pulping sector for enhancing its own profi tability and sustainability, and provides an opportunity for improving the business model of the industries (Chambost et al. 2008 ) .
Solubilization of hemicelluloses before pulping is one way to realize these ideas ( H ö rhammer et al. 2011 ; Testova et al. 2011 ) . To this end, treatments with steam (Overend and Chornet 1987 ; Sch ü tt et al. 2011 ) or with hot, compressed water (here denoted as autohydrolysis) can be employed ( L ó pez et al. 2011 ; Testova et al. 2011 ) . Steam processing followed by kraft pulping is one of the approaches in the prehydrolysis-kraft concept for the production of dissolving pulp, which results in severe decomposition of hemicelluloses. When performed under suitable conditions, autohydrolysis leads to xylan breakdown (yielding soluble saccharides), whereas the remaining solid can still be suitable for pulping (Vila et al. 2011 ). When autohydrolysis is performed under harsh conditions, solids can be subjected to aqueous processing, which yields cellulose-containing solids suitable as substrates for enzymatic hydrolysis; therefore, the production of glucose solutions suitable as media for ethanol fermentation is possible (Weil et al. 1997 ; Kirsch et al. 2011 ) . Operation in a percolation reaction at 200 -230 ° C with residence times of up to 15 min enabled the recovery of more than 90 % of hemicelluloses as soluble saccharides, with similar behavior for different types of lignocellulosic substrates (including both woody and non-woody materials) (Mok and Antal 1992 ) . In principle, all hemicellulose-derived oligomeric saccharides can be converted into sugars by acid-catalyzed post-hydrolysis (Garrote et al. 2001 ) or enzymatic hydrolysis ( V á zquez et al. 2002 ) . The sugar solutions are a potential fermentation media, opening the way for biotechnologic processes for chemicals, fuels and other materials. The production of levulinic acid and furfural from biomass was reviewed by Dautzenberg et al. (2011) .
The fermentation of solutions obtained by acidic hydrolysis of wood under harsh operational conditions can by diffi cult because hemicellulosic sugars can be dehydrated into furans, which (above a certain concentration thresholds) are toxic to microorganisms. The process conditions must be optimized carefully to avoid this effect.
Fermentation inhibitors can be generated from extractives or acid-soluble lignin. In many cases, detoxifi cation of reaction liquors (for example, by overliming, ion exchange, extraction or adsorption) is necessary to ensure the fermentability of media. Purifi cation of prehydrolysates is also possible on activated charcoal ( G ü tsch and Sixta 2011 ).
Depending on the degree of acetylation of hemicellulosederived oligomeric saccharides, the removal of at least one part of acetic acid released upon hydrolysis may be necessary to ensure the fermentability of media. Acetic acid removal is favourable because its protonated form can diffuse through the cytoplasmic membrane of cells, lowering the intracellular pH, disrupting ionic transports and increasing the energy requirements (Palmqvist and H ä hn-Hagerdal 2000 ) .
The concentrations of hemicellulosic sugars in the post-hydrolysis liquors are usually low. Concentration of liquors (for example, by membranes or vacuum evaporation) can improve the feasibility of the whole process.
Pichia stipitis strains (belonging to the " CUG Clade " of ascomycetous yeasts) have been widely tested to produce bioethanol from xylose-containing media, as they are able to consume pentoses and hexoses. The productivities are favorable with high ethanol conversion rates. Pichia stipitis is susceptible to artifi cial selection to endure an adverse environment (Alexander et al. 1987 ; Schneider 1996 ; Nigam 2001a ; S á nchez and Cardona, 2008 ; Chandel et al. 2009 ). The metabolic pathways and stoichiometry for xylose uptake and ethanol production by Pichia spp. have been assessed and carbon balances for assimilation, pentose phosphate oxidation, respiration and ethanolic fermentation have been derived (Slininger et al. 1990 ). Calculation methods were developed based on data concerning cellular growth and oxygen assimilation, which permit an accurate prediction of biomass and oxygen concentrations for cultures operated at various combinations of oxygen supply and demand (Slininger et al. 1991 ) .
Second-generation bioethanol (obtained from a source that does not compete with food) is the target product considered in this study. Namely, bioethanol from Eucalyptus globulus wood is in focus; it can be obtained by a two-step saccharifi cation of hemicelluloses followed by fermentation with adapted P. stipitis. The aim was to optimize the autohydrolysis -post-hydrolysis process; the effect of membrane concentration and ion exchange detoxifi cation (Wickramasinghe and Grzenia 2008 ) will be discussed. The fermentation results are compared with data reported in related studies on the basis of the volumetric productivities and ethanol yields.
Materials and methods

Raw material
Eucalyptus globulus wood samples, provided by a local pulp factory (ENCE, Pontevedra, Spain), were milled to a particle size < 8 mm to avoid signifi cant resistance to the intraparticle difussion of reaction products. Milled wood samples were air-dried and homogenized in a single lot to avoid compositional differences among samples. The raw material was assayed for composition according to Roman í et al. (2010) .
Autohydrolysis
Wood samples from the homogenized lot were mixed with distilled water at a liquid-to-wood ratio of 8 g g -1 (o.d. wood basis) in a stirred, stainless steel reactor (Parr Instrument Company, Moline, IL, USA), and heated to achieve the desired temperature (see below). Liquors were recovered from the cooled reactor by fi ltration, analyzed and processed as per Roman í et al. (2010) .
Membrane processing
The experimental setup consisted of an 8-l feed tank with a coil for temperature control, a diaphragm pump (Hydra-cell, Wanner Engineering Inc, Minneapolis, MS, USA), two pressure gauges at the membrane inlet and outlet to measure the transmembrane pressure (TMP), a needle valve located after the membrane to achieve the desired TMP and a fl owmeter to measure the recirculation fl ow. Experiments were performed in cross-fl ow mode at 20 ± 2 ° C using a spiral regenerated cellulose membrane (TFF-6 PLAC; Millipore, Billerica, MA, USA) of 1 kDa cut-off (membrane area, 0.54 m 2 ), operating at a TMP of 4.1 bars. During experiments, the permeate fl ux was fairly constant, even if at the end of the cycles it started to decrease as a result of the elevated viscosity and osmotic pressure. No signifi cant irreversible fouling effects were observed (the initial water permeability was recovered by water rinsing). The volume treated in each batch was 8 l and the ratio fi nal volume/intial volume was 6.
Post-hydrolysis and neutralization
Sulfuric acid was added to autohydrolysis liquors at 1 % w w -1 and the resulting solution was heated under optimal conditions (131 ° C Table 2 Compositon of autohydrolysis liquors obtained in treatments at 193 ° C, 196 ° C and 199 ° C.
Compounds
Composition g l -1 at t max of:
193 ° C 1 9 6 ° C 1 9 9 ° C Glucooligomers (GlcOS) 
Detoxifi cation by ion exchange
The resins were obtained from Sigma Aldrich Co. (St Louis, MO, USA). Amberlite IR-120 (cationic) in hydrogen form was contacted with neutralized liquor at room temperature (r.t.) for 1 h at a mass ratio of 10 g liquor g -1 resin. The resulting solution was treated with Amberlite IRA-96 (anionic) in OH -form at r.t. for 3 h at a mass ratio dependent on the amount of acetic acid contained in the liquor to be processed (9.45 g resin g -1 acetic acid).
Microorganism and medium
Pichia stipitis CECT 1922T was obtained by the Spanish Collection of Type Cultures (Valencia, Spain) as a freeze-dried broth. According to the CECT database, this strain is identical to ATCC 58376. Cells were grown in 100 ml of a sterile solution containing 20 g xylose l -1 , 5 g peptone l -1 , 3 g yeast extract l -1 and 3 g malt extract l -1 . The medium was placed in a 250-ml Erlenmeyer fl ask and kept at 30 ° C for 3 days with orbital agitation (100 rpm). Fermentations were carried out with inocula from the growth media containing 0.8 g dry biomass l -1 . Media were prepared by mixing the necessary amount of raw or detoxifi ed hydrolyzate (previously sterilized by ultrafi ltration through Steritop fi lters; Millipore) with a sterilized solution (containing 5 g peptone l -1 , 3 g yeast extract l -1 and 3 g malt extract l -1 ) to achieve xylose concentrations of 10, 25 or 50 g l -1 . Media (50 ml) were placed in 100-ml Erlenmeyer fl asks at 30 ° C with orbital agitation (100 rpm) for the time needed to deplete xylose.
Pichia stipitis adaptation to hydrolyzate
Pichia stipitis adaptation was carried out by two complementary methods.
Cells were grown on agar plates (with the same composition 1.
described above, but supplemented with 20 g agar l -1 ) made from mixtures of commercial xylose solutions and non-detoxifi ed Eucalyptus hydrolyzate up to a xylose concentration of 10 g l -1 . The pH of the medium was adjusted to 5.0 with 4 N NaOH. Strain adaptation was accomplished by sequential transfer of cultures to new adaptation media (made with increasing proportions of non-detoxifi ed hydrolyzate). The fi rst agar plate was made with 25 % hydrolyzate and 75 % commercial xylose solution, whereas subsequent cultures were carried out in media with the same xylose concentration, but manufactured with Garrote et al. (2001) . Neutralization to pH 5 was carried out using BaCO 3 to keep the concentration of calcium ions in the fermentation media to a minimum.
50 % , 75 % and 100 % hydrolyzate. This latter medium contained 2.3 g acetic acid l -1 and the cells grown on it were employed for fermentation assays. Alternating agar plate and liquid cultures were applied to 2.
increase the resistance of yeast to acetic acid. To this end, cells were grown in plates prepared with hydrolyzates concentrated up to xylose concentrations of 25-50 g l -1 (accompanied by 6.0-11.9 g acetic acid l -1 ) and fermentation assays were performed in liquid media containing the same concentrations of xylose and acetic acid.
Analytical methods
Samples from autohydrolysis, post-hydrolysis and fermentation media were fi ltered through a 0.22-ml fi lter and assayed for glucose, xylose, arabinose, xylitol, acetic acid, ethanol, hydroxymethylfurfural (HMF) and furfural by high performance liquid chromatography (HPLC) (Agilent 1100 system; Agilent, Palo Alto, CA, USA). The instrument was equipped with a refractive index detector and an Aminex HPX-87H column (BioRad, Hercules, CA, USA). The mobile phase (0.003 M H 2 SO 4 ) was eluted at a fl ow rate of 0.6 ml min -1 at 50 ° C. 
Results and discussion
Autohydrolysis -posthydrolysis and membrane concentration
Based on data from the literature (Garrote et al. 2001 ), E. globulus wood samples were subjected to autohydrolysis under non-isothermal conditions up to 193 ° C, 196 ° C or 199 ° C. For the purposes of this work, the glucan contained in wood was considered as cellulose, even if the presence of minor amounts of non-cellulosic glucans in E. globulus wood has been reported (Lisboa et al. 2007 ). Under the conditions considered, cellulose was almost totally retained in the solid phase. However, the structure of native lignin in Eucalyptus wood, which has been studied recently (see, for example, Rencoret et al. 2009 and Speranza et al. 2009 ), undergoes degradation upon autohydrolysis. The major effect is the homolytic cleavage of the aryl-ether bonds, resulting in a substantial molecular weight loss (Leschinsky et al. 2008 ). Besides, hemicellulose are solubilized, yielding the highest concentration of hemicellulosic oligomers [xylooligosaccharides (XOS)] in the experiment performed at 193 ° C. The corresponding xylan conversion into XOS was close to the optimum predicted by the model reported in the same reference. Table  1 shows the composition of the raw material and Table 2 shows that of autohydrolysis liquors. For the sake of simplicity, the compositional data concerning oligosaccharides and oligosaccharide substituents are expressed in terms of monomer equivalents. In a previous study (Vila et al. 2011 ) , the kraft pulping of autohydrolyzed Eucalyptus wood was assessed. Table 3 ); (b) diluted hydrolyzates (experiment 2 in Table 3 ); (c) detoxifi ed hydrolyzates (experiment 3 in Table 3 ); (d) detoxifi ed hydrolyzates (experiment 4 in Table  3 ); (e) detoxifi ed hydrolyzates (experiment 5 in Table 3 ). Symbols: ( ) glucose; ( ) xylose; ( ◊ ) ethanol; ( ▲ ) arabinose; ( ) acetic acid. Figure 1 . An unbleached pulp with low lignin content and good brightness, but with limited viscosity, was be obtained. Interestingly, this pulp was highly susceptible to oxygen bleaching stages, which decreased the kappa numbers to 3.8 (after a single stage) and to 2.3 (after two sequential stages) (Vila et al. 2011 ) . The processing scheme shown in Figure 1 was completed by acidic post-hydrolysis (with or without a previous stage of concentration by membranes); the resulting hydrolyzates (subjected, or not, to detoxifi cation) were used for producing xylose-based fermentation media, as explained in the following section.
Membrane processing of autohydrolysis liquors was performed according to Gull ó n et al. (2008) , looking not only for concentration of oligomeric saccharides, but also for the removal of compounds with low molecular weight (MW low ) that could be harmful to further fermentation. The compositional data of the concentrated solution (Table 3 ) revealed that the purifi cation was effective, as the harmful compounds with MW low (furans and acetic acid) were not retained by the membrane.
After membrane concentration, liquors were subjected to acid post-hydrolysis under optimal conditions according to Garrote et al. (2001) for achieving the conversion of XOS into xylose. As visible in Table 3 , post-hydrolysis resulted in total consumption of XOS, which were converted into xylose at nearly stochiometric yield. The xylose concentration increased from 4.01 g l -1 up to 52.97 g l -1 , whereas the furfural (F) concentration increased slightly as a result of pentose dehydration. Other effects achieved by posthydrolysis include: (a) the conversion of glucooligosaccharides into glucose, with a small decomposition of this sugar into hydroxymethylfurfural (HMF); (b) removal of arabinosyl substituents to give arabinose, with further generation of F from this sugar; and (c) deacetylation of xylooligomers to yield free acetic acid, which reached a remarkable concentration in the medium (12.1 g l -1 ). Whereas the concentrations of F and HMF are below the thresholds causing yeast inhibition, the acetic acid level was high enough to detract the bioconversion step.
Fermentation of raw hydrolyzates
Media obtained after neutralization and nutrient supplementation of post-hydrolysis liquors were used for ethanol production with P. stipitis. To limit the inhibition caused by the non-saccharide components of the hydrolyzate, fermentations were carried out with adapted strains, as this approach may be advantageous for ethanol production (Agbogbo et al. 2008 ; Huang et al. 2009 ) . Pichia stipitis was able to grow in agar plates made with hydrolyzates containing 2.3 g acetic acid l -1 .
According to Silva et al. (2010) , substrate inhibition effects are expected at xylose concentrations above 50 g l -1 , although adapted P. stipitis strains have been reported to be able to produce ethanol from concentrated xylose-containing media (Kurian et al. 2010 ) . Following this idea, preliminary fermentation trials were carried out with adapted cells based on media made with neutralized hydrolyzates containing 50 g xylose l -1 and 11.9 g acetic acid l -1 ; however, no signifi cant xylose consumption was observed (data not shown). This fact was ascribed to possible osmotic problems and, in particular, to the high level of acetic acid, whose detrimental effects on the P. stipitis metabolism are well known (Palmqvist and H ä hn-Hagerdal 2000 ; Klinke et al. 2004 ; Almeida et al. 2007 ; Huang et al. 2009 ). Acetic acid inhibition at concentrations about 2 -5 g l -1 have been reported to be inhibitory to osmotolerant yeasts (van Zyl et al. 1991 ) .
To produce viable fermentation media, hydrolyzates were diluted at different proportions, starting from a xylose concentration of 10 g l -1 (and 2.3 g acetic acid l -1 ). The concentration profi les obtained in this fermentation are shown in Figure  2 a and relevant data are summarized in Table 4 (experiment 1). The ethanol conversion (EC) (71.7 % ) was calculated as a percentage with respect to the stoichiometric value of 0.51 g ethanol (g of xylose and glucose) -1 , as both sugars can be fermented to ethanol by P. stipitis (Jin and Jeffries 2004 ) . The volumetric productivity (Q P ), measured at the time corresponding to the maximum ethanol concentration, was 0.12 g l -1 h -1 , at a yield (Y P/S ) of 0.37 g g -1 . Cells from this experiment were employed as an inoculum for a new fermentation assay with a more concentrated hydrolyzate medium Table 5 Literature overview for ethanol production from xylose-containing hydrolyzates. (containing 25 g xylose l -1 and 6 g acetic acid l -1 ; see Figure  2b and data listed for experiment 2 in Table 4 ) which led to Q P = 0.12 g l -1 h -1 at Y P/S = 0.36 g g -1 . Additional experiments performed with media containing 50 g xylose l -1 (and 11.3 g acetic acid l -1 ) resulted in almost no sugar consumption and ethanol production (data not shown). The results obtained in experiments 1 and 2 are comparable with data reported for the conversion of non-detoxifi ed hemicellulose hydrolyzates containing xylose. For comparative purposes, Table 5 summarizes results reported for the fermentation of raw hydrolyzates in related studies (van Zyl et al. 1991 ; Amartey and Jeffries 1996; Nigam 2001b Nigam , 2002 S á nchez et al. 2004 ; Huang et al. 2009 ; Kurian et al. 2010 ).
Strain of
Fermentation of detoxifi ed hydrolyzates
To improve fermentation, hydrolyzate must be detoxifi ed (Klinke et al. 2004 ) . Acetic acid can be removed from hydrolyzates using a number of methods, including extraction (Um et al. 2011 ) and ion exchange (Xavier et al. 2010 ). The latter approach was considered in this study. It can be noted that this stage adds operational costs to the overall process, but acetate recovery (upon resin regeneration) would also permit the separation and purifi cation of a marketable product contributing to the overall economy of the process. Aside from deionization, ion-exchange may reach other detoxifi cation effects, as some non-ionic substances (including F and HMF) can be bound to the polymeric resins by molecular interactions, contributing to the purifi cation of media. However, the experimental results presented in Table 3 show almost the same furan concentrations for ion-exchange treated hydrolyzate and raw hydrolyzate, confi rming that de-acidifi cation was the only signifi cant effect achieved by this step. Figure 2 (c, d, e) illustrate the data obtained for fermentations with media made from detoxifi ed hydrolyzates diluted at various proportions, whereas data concerning these assays are summarized in Table 4 (experiments 3, 4 and 5). As a general trend, detoxifi cation resulted in marked improvements in fermentation. The highest ethanol concentration (19.3 g l -1 ) was obtained in experiment 5, whereas experiment 4 provided the highest values of EC (92 % ), Q P [0.37 g l -1 h -1 ] and Y P/S (0.47 g g -1 ). Based on this information, it can be concluded that the most favorable conditions corresponded to the xylose concentration range defi ned by experiments 4 and 5 (24.7 -47.1 g l -1 ). These results are in agreement (in terms of yield and productivity) with data reported for the fermentation of xylose-containing hydrolyzates produced from a number of different lignocellulosic substrates with wild strains of P. stipitis (see Table 5 ). Information on the production of ethanol from xylose has been summarized by Nigam (2002) ; Huang et al. (2009) and Chandel et al. (2011a) .
Conclusions
Xylose-containing fermentation media (produced from E. globulus wood by autohydrolysis -post-hydrolysis) were neutralized, supplemented with nutrients and employed for the manufacture of fermentation media (with or without previous membrane concentration and ion exchange detoxifi cation). The acetic acid present in raw hydrolyzates prevented the fermentation of media concentrated up to 50 g xylose l -1 , whereas media containing 10 -25 g xylose l -1 were suitable for fermentation. Ion exchange processing of concentrated hydrolyzates enabled the manufacture of media with improved fermentability; starting from 24.7 or 47.1 g xylose l -1 , ethanol concentrations of 12.5 or 19.3 g l -1 , at yields of 0.47 or 0.38 g ethanol (g xylose and glucose) -1 were obtained, respectively.
